Changes in the membrane potential, pH gradient, proton motive force, and intracellular pH of Escherichia coli were followed during the chemotactic responses to a variety of potentially membrane-active compounds. Lipophilic weak acids, decreases in extracellular pH, and nigericin each caused a repellent response. Lipophilic weak bases, increases in extracellular pH, and valinomycin in the presence of K+ each caused an attractant response. Changes in membrane potential, pH gradient, and proton motive force did not correlate with the behavioral responses to these treatments, but changes in intracellular pH did correlate. Furthermore, the strength of the response to a weak acid was correlated with the magnitude of the change of the intracellular pH,. and many compounds which could alter the intracellular pH were found to be chemotactically active. Apparently these attractants and repellents are not detected by specific chemoreceptors but rather are detected via the ability of cells to sense and respond to changes in intracellular pH. The pathway of sensory transduction which proceeds through methyl-accepting chemotaxis protein I was found to be involved in the response to a change in intracellular pH.
Bacterial chemotaxis involves detection of chemicals in the environment of a cell, integration of sensory infonration about the various chemicals, transmission of that information to the flagella of the cell, and finally control of flagellar rotation to produce appropriate cell movement. For reviews of these processes, see references 15, 19, and 36. Specific chemoreceptor proteins have been identified for many attractants in Escherichia coli and Salmonella typhimurium; these receptors are located in the cytoplasmic membrane or in the periplasmic space (1, 9, 15, 19, 36) . The extent of binding of an attractant to its receptor signals to the cell the concentration of the attractant in the medium. The cell thus responds behaviorally to changes in the concentration of an attractant outside the cell.
In contrast, the receptors for repellent compounds have been studied in much less detail or have only been identified functionally (43, 44) . A substantial number ofrepellents are lipophilic weak acids of diverse structure, for example, acetate, thioglycolate, salicylate, and, as shown below, 5,5-dimethyloxazolidine-2,4-dione (DMO) . Often an analog is no longer a repellent when its weak acid function is modified to an aldehyde (e.g., acetate to acetaldehyde), an amide (e.g., salicyclate to salicylanalide), an alcohol (e.g., salicylate to saligenin), or an ester (e.g., acetate to methylacetate) (44) . The repellent property is maintined by a wide variety of other modifications, as long as the weak acid function is maintained and the molecule is not rendered hydrophilic or too bulky (44) . Conversely, several attractants for E. coli are lipophilic weak bases (e.g., ammonia and methylamine) (21) . Relatively high concentrations of these weak acid repellents and weak base attractants are required for behavioral effects, in contrast to the low concentration of ligand required for some of the characterized chemoreceptors (21, 43, 44) .
Here we report a novel mechanism of chemoreception in E. coli. Certain attractants and repellents are shown to be detected not directly via specific chemoreceptors but instead indirectly by virtue of producing stoichiometric proton movements across the cytoplasmic membrane. Furthermore, although these chemicals alter membrane potential, transnembrane pH gradient, and total proton motive force, they appear to be detected via their effects on the internal pH of the cells. These results are discussed in relation to studies in Bacillus subtilis, where some attractants and most repellents have been reported to alter membrane potential (22) , transmembrane pH gradient (2, 23) , and/ or proton motive force (3, 26 (14) is trg (altered MCP Ill). AW620 (13, 37 ) is a cheB mutant, as are AW677 (41) and AW678 (41) . AW618 (13, 37 ) is a cheE mutant. AW685 is strain RP487 (28, 40) with the cheZ292 allele (29) incorporated by phage P1 transduction, using eda as the selected marker.
Growth and preparation of bacteria. Cells were grown in Vogel-Bonner minimal medium (46) containing necesary growth supplements and 50 mM glycerol as the energy source. For flow dialysis experiments and behavioral experiments involving ionophores, cells were harvested at an optical density at 590 nm (OD5w) of 0.5 (5 x 108 cells per ml). Cells were then made semipermeable with an EDTA treatment in Tris buffer as previously described (39) , except that the final washes and resuspension were usually carried out in 50 mM potassium phosphate at the indicated pH. For other behavioral experiments, 5 to 10 ml of cells was harvested at an ODso of 0.4 to 0.6 by centrifugation. Cells were gently resuspended and washed three times in 10 mM potassium phosphate by centrifugation and finally suspended to an OD590 of 1.0 in 10 mM potassium phosphate-10 mM sodium DL-lactate unless noted otherwise. All preparations and experiments were performed at room temperature unless noted otherwise.
Measurements of membrane potential and pH gradient by flow dialysis. Flow dialysis was performed as previously described (33) [33, 42, 47] due to difficulties arising from transport and metabolism of the latter compounds when used in whole cells [data not shown]. DMO has also been used previously to measure pH gradients [42] , but its relatively high pK leads to a less favorable signal-to-noise ratio than benzoate when it is used in the acidic buffer of many of these experiments.) The P02 and pH of the cell suspension were monitored with an 02 electrode (modified Beckman model 39065) and a pH electrode (model MI-410-, Microelectrodes, Inc., Londonderry, N.Y.). 02 was passed over the cell suspension to maintain aerobic conditions. Additions of HCI or KOH were made as necessary to maintain the desired pH. Dialysate (50 mM potassum phosphate, pH 5.5) was pumped through the lower chamber at 4.25 ml/min, and 1.7-ml fractions were collected every 0.4 min; 1.0 ml of each fraction was mixed with 3 ml of Aquasol (New England Nuclear Corp., Boston, Mass.) in a 5-ml minivial and counted in a liquid scintillation counter (Packard model 3255).
The presence of sodium tetraphenylboron allowed more rapid [3H]TPMP movement across the cell membrane but did not significantly affect the final extent of accumulation (data not shown).
These experiments were capable of measuring only inwardly directed membrane potentials and pH gradients. An inwardly directed membrane potential is defined to be a more positive electrical charge outside than inside and has a negative sign. An inwardly directed pH gradient is more acid outside than inside and is referred to as a positive pH gradient.
Internal controls were included in each experiment to determine a reference for zero membrane potential and zero pH gradient. After the various experimental manipulations were performed, carbonyl cyanide-mchlorophenylhydrazone (CCCP) was added to 20,uM to bring the total proton motive force across the cell to a value close to zero. The membrane potential thus changed from being inwardly directed to zero or outwardly directed under the influence of a positive pH gradient. In either case essentially all of the TPMP left the cells and appeared in the cell suspension buffer.
The addition of CCCP does not necessarily reduce the pH gradient to zero or a negative value. To accomplish this, the external pH was raised to a value between 8.3 and 8.5, and thus directly reversed the pH gradient from a positive to a negative value. This caused essentially all of the benzoate to leave the cells and appear in the cell suspension buffer. However, the shift in pH was found to cause an alteration in the rates of dialysis of TPMP (less rapid at higher pH) and benzoate (more rapid at higher pH). These changes in dialysis rates were constant and reproducible. To compensate for this artifact, each experiment involving a shift in the external pH value was repeated immediately, without cells. The counts in each highpH fraction of the experiment were then adjusted by a factor determined from the control experiment. When used in the presence of CCCP, this method of reversing the pH gradient allowed protons to be carried back out of the cells (down the pH gradient), thus restoring some inwardly directed membrane potential.
Measurements of positive and negative pH gradients by flow dialysis. As mentioned above, the flow dialysis experiments using TPMP and benzoate cannot measure the magnitude of a negative pH gradient. To accomplish this, flow dialysis was performed by using [3H]ethanolamine (25 AM; 370 Ci/ mol) as a probe for a negative pH gradient simultaneously with ['4C]benzoate as a probe for a positive pH gradient. These experiments were performed as described above, except that [3H]TPMP, sodium tetraphenylboron, and CCCP were omitted. Ethanolamine was also subject to a pH-dependent alteration in dialysis rate (less rapid at higher pH), and experiments were corrected as described above. No special effort was required to cause benzoate or ethanolamine to leave the cells, as these experiments involved shifting the external pH such that at times there was a positive pH gradient (benzoate was accumulated and ethanolamine left the cells) and at other times there was a negative pH gradient (ethanolamine was accumulated and benzoate left the cells).
Benzoate and ethanolamine are chemotactically active substances but were used in these experiments at concentrations well below their thresholds for behavioral effects.
Calculations. Data when the pH gradient was positive (at both the beginning and the end of the experiment). A linear regression line was fit to the artifact-corrected values of log 14C disintegrations per minute in the middle section of the experiment when the pH gradient was negative. In this way the amount of label appearing in the dialysate and the rate of depletion of label from the ceil suspension could be determined under conditions in which the cells were accumulating none of the label. The regresion lines were extrapolated to earlier and later fractions to estimate the amount of each label that would have appeared in each fraction if the cells had not accumulated any label (i.e., if membrane potential or pH gradient were equal to zero). This extrapolation required correction for the fact that less label was depleted from the cell suspension when a large membrane potential or pH gradient caused accumulation of much of the labeled compounds in the cells. These manipulations were necessary here, unlike in experiments with vesicles (33) , as E. coli cells have endogenous energy reserves, and consequently they have some proton motive force even at the beginning of the experiments, before the addition of an exogenous energy source.
The ratio between the disintegrations per minute actually observed in a given fraction and the disintegrations per minute on the extrapolated regression line yielded values for the membrane potential or pH gradient by standard calculations (33 Chemotaxis assays. Temporal assays (20, 43) , in which a putative attractant or repellent is mixed into a drop of a bacterial suspension on a microscope slide, were performed with free-swimming cells as previously described (9) or with anti-flagellar antibody tethered cells as previously described (12) 
RESULTS
Changes induced by a weak acid. The addition of a chemotactically active concentration of the repellent sodium acetate to a suspension of wild-type cells led to changes in membrane potential, pH gradient, proton motive force, and intemal pH. In the experiment shown in Fig. 1 , the initial pH gradient was approximately 1.3 pH units, which contributed -78 mV to the proton motive force. The pH of the external medium was 5.8, and the internal pH was therefore 7.1. The initial membrane potential was approximately -52 mV, so the total proton motive force was about -130 mV. Upon addition of 20 mM sodium acetate, the pH gradient fell to an apparent value of zero. Actually, the pH gradient was probably slightly negative at this point, as determined by similar experiments in which [3H]ethanolamine was used to detect negative pH gradients (data not shown). The pH of the external medium rose slightly to 5.9, so the internal pH of the cells fell to 5.9 or less. The membrane potential rose to -105 mV. The total proton motive force thus changed from -130 to -105 mV or less.
These observations can be explained by assuming that the addition of acetate causes an electroneutral hydrogen ion influx by the following mechanism (16, 48 to replace the HA which entered the cell, so the HA influx can continue. The external pH rises only insignificantly as it is buffered and the volume of medium is much greater than the total volume of the cells. As these protons move into the cell via the HA complex, the pH gradient and, therefore, the total proton motive force tend to decrease. The cell is then able to pump out electron transport-linked electrogenic H+ (6) against this decreased proton motive force more easily. Consequently, the membrane potential and pH gradient tend to increase, but the continued presence of acetate counters the rise in the pH gradient. Thus, the membrane potential increases as the pH gradient falLs, and the proton motive force remains relatively unchanged.
Acetate and a wide range of other weak acid salts produce a repellent response in E. coli and S. typhimurium (43, 44) . Possibly, a weak acidmediated proton influx is responsible for this response either directly, via alteration of the internal pH or the pH gradient of the cells, or indirectly, via alteration ofthe membrane potential or the total proton motive force. This hypothesis leads directly to two testable conclusions. First, the behavioral response to a weak acid should be greater when the pH gradient of the cells is larger, i.e., when the external pH is lower. This is because a larger pH gradient across the cells leads to a greater influx of weak acid and, thus, a greater influx of protons (Fig.  2) . (This fact is, indeed, the basis for measuring the pH gradient with weak acids.) A greater proton influx should lead in turn to larger changes in the internal pH, the pH gradient, the membrane potential, and, possibly, the proton motive force. Table 1 shows that this is indeed the case; the threshold concentration of sodium acetate required to produce a tumbling response decreased and the duration of that response increased as the external pH was lowered. In addition, there was a strong correlation between the concentration of acetate required for a behavioral response and the concentration required for the acetate-induced change in internal pH at different values of external pH (data not shown).
The second implication of this hypothesis is that any weak acid which can pass through the membranes of the cells in the protonated form should be a repellent at a reasonably low external pH. Indeed, at pH 6.0 several weak acids previously reported (44) to be nonrepellents for E. coli at pH 7.0 gave strong repellent responses in temporal assays with strain AW574; 10 mM sodium formate gave a 40-s tumbling response, and 10 mM sodium gentisate gave a 30-s tum- motive force. As a result, electron transportlinked proton efflux should be inhibited, and ultimately this should lead to a decreased membrane potential. Figure 3 shows that the weak base ethanolamine did indeed induce an increase in the internal pH and lead to the other electrophysiological changes mentioned above. In this experiment the initial pH gradient was about 1.15 pH units or -70 mV. Since the external pH was 5.8, the internal pH was approxiimately 6.9. The measured membrane potential was -60 mV before the addition of ethanolamine. Upon the addition of 33 mM ethanolamine, the pH gradient increased nearly 1.5 pH units, which is -90 mV of electrochemical potential. The external pH remained constant, so the internal pH rose to near 7.3. The membrane potential dropped to 0 mV before recovering much of its value several minutes later. The total proton motive force changed from about -130 mV before ethanolamine addition to about -100 mV for several minutes after the addition.
The behavioral responses to weak bases were tested in temporal assays by using a mutant (strain AW685) which has a high tumbling frequency (29 acid repellents and weak base attractants leads to changes in the membrane potential, pH gradient, internal pH, and proton motive force of the cells. Do cells detect and respond behaviorally to one of these changes? A response to proton motive force can be eliminated, as its change is fairly small and in the same direction (a decrease) for both attractants and repellents. However, the above-described experiments did not distinguish between the remaining three possibilities, as the changes in each were in opposite directions for the attractants and repellents.
To distinguish further between the possibilities, we performed an experiment in which the external pH was shifted. Cells at pH 6.0 were abruptly subjected to an increased pH of 8.5 and later returned to pH 6.0. The shift to pH 8.5 reversed the sign of the transmembrane pH gra- 4 whole cells (27) and in membrane vesicles (33) of E. coli.
In behavioral experiments, a rapid increase in external pH gave an attractant response. With the tumbly mutant AW685 a jump from pH 6.0 to 8.5 resulted in suppression of tumbles for 100 s. On the other hand, a decrease in the external pH induced a repellent response; strain AW574 (chemotactically wild type) tumbled for 45 s when shifted from pH 8. These results showed a consistent correlation between behavior and direction of change of internal pH (increasing internal pH resulted in an attractant response, and decreasing internal pH resulted in a repellent response) but not between behavior and direction of change of the pH gradient or membrane potential (increasing membrane potential occurred sometimes during an attractant response and sometimes during a repellent response). Thus, the direct involvement of membrane potential and pH gradient in chemotaxis seems unlikely, whereas the possibility of a role for internal pH remains open. However, it must be noted that there is a possibility that either H+ or OH-is sensed independently outside the cell during an extracellular pH shift. This could override the sensing of the pH gradient, membrane potential, or internal pH.
Changes induced by nigericin. Nigericin is an ionophore which catalyzes an electroneutral exchange of H+ and K+ across membranes (7, 10, 31) . E. coli concentrates K+ and extrudes H+, and thus nigericin should allow H+ to enter and K+ to leave the cells. The resulting change in internal K+ concentration is probably negligible due to the high internal K+ level of the cells (more than 10' M) (4). Figure 6 shows that nigericin added to EDTA-treated cells at pH 5.8 induced a decrease in pH gradient and thus a lowering ofthe internal pH. Membrane potential rose in response, as discussed above and as observed previously in membrane vesicles (32) . As a result, the proton motive force decreased.
In confirmation of our modeL nigericin, which caused a decrease in internal pH, elicited a dramatic repellent response in behaviorally wildtype strains of E. coli at pH 6.6 (5, 10, 24) . The addition of valinomycin to EDTA-treated cells in the presence of extracellular K+ allows potassium to enter the cells and thus collapse the membrane potential. The resulting reduced proton motive force presumably allows increased proton pumping, mediated by electron transport. This decreased membrane potential and the consequent increased internal pH and increased pH gradient are shown in the experiment presented in Fig. 7 . Qualitatively similar results have been found in bacterial membrane vesicles (32) .
Behaviorally, the addition of 2 j&M valinomycin to EDTA-treated cells at pH 6.6 and below in the presence of 60 mM K+ caused transient suppression of tumbles. In the absence of K+, valinomycin should lead to a K+ efflux from the cells, with a consequent small increase in the membrane potential and a decrease in the pH gradient. Significant changes in these values could not be observed in flow dialysis experiments, presumably due to relatively small changes in these values coupled with a high signal-to-noise ratio. However, the behavioral response of cells in K+-free sodium phosphate buffer was the theoretically expected increase in tumbling frequency.
Behavioral responses in mutants defective in sensory transduction. In E. coli there are three pathways of information flow and processing between the various receptors and the flagella. The central component of each of these pathways is a unique MCP which is essential for the functioning of that pathway (14, 34, 35) . Strain AW518, a tsr mutant lacking functional MCP I, does not respond appropriately to a class of attractants and repellents which is thus con- (25). This strain has been shown to respond to the attractant a-aminoisobutyrate as if it were a repellent and to respond to the repellent indole and the weak acid repellents acetate, propionate, butyrate, and benzoate as if they were attractants (25) . We have extended this list of reversed responses to include a variety of attractants and repellents which have been shown to alter (or which theoretically could alter) the intracellular pH (Table 2) . Strain AW539, a tar mutant lacking functional MCP II, and strain AW701, a trg mutant lacking functional MCP III, were unaltered in their behavioral responses to the stimuli tested ( Table 2 ). The fact that all compounds which alter internal pH are sensed incorrectly in, and only in, a tsr mutant indicates that the internal pH is sensed via the MCP I pathway.
There are other mutant strains which responded to these treatments in a manner reversed from the wild-type response. Strains AW620 (cheB) and AW618 (cheE) gave attractant responses at pH 6.6 in temporal assays when 33 mM acetate, 33 mM benzoate, 33 mM DMO, and 4 t,M nigericin were used. Other cheB strains (AW677 and AW678) responded similarly, although much less dramatically. Reversed responses occur in free-swimming S. typhimurium (12) , but these reversals are not observed in tethered cells (12) . The reversals reported here are distinct from those of S. typhimurium, as they are observed in both freeswimming and tethered cells. Thus, these reversals of E. coli occur within the information-processing system rather than as a result of conformational and hydrodynamic properties of the flagella.
DISCUSSION
We investigated the mechanism by which certain attractants and repellents are detected by E. coli and correlated the effects of these stimuli on the behavior of cells with their effects on the membrane potential, pH gradient, proton motive force, and intracellular pH. Each of the stimuli causes a primary change in either the membrane potential (addition of valinomycin), the pH gradient (raising or lowering the extemal pH or addition of nigericin), or the intracellular pH (addition of weak acid or weak base). These three quantities are intimately related, and a change in any one leads to a change in the other two. In addition, as a result, the proton motive force, which is the sum of the membrane potential and pH gradient, is altered. Table 3 summarizes the results. First, the direction of change of the proton motive force does not show a correlation with the behavioral responses to the various stimuli. Thus, no argument can be made from these data that the cells are responding to changes in the proton motive force. The experiments with acetate, ethanolamine, nigericin, and valinomycin leave open the possibility that changes in either the membrane potential, the pH gradient, or the intracellular pH mediate the chemotactic responses which result from these compounds. In all of these cases, the attractant response correlates with decreases in membrane potential and increases in pH gradient and intemal pH, and the repellent response correlates with the opposite changes in these parameters.
The pH shift experiments allow a distinction among these possibilities. Second, the magnitude of the change in intracellular pH is related to the strength of the behavioral response. This is seen in temporal assays using weak acids with varying magnitudes of pH gradient across the cell membrane (Table  1) . Finally, compounds such as nigericin and valinomycin (which alter intracellular pH by mechanisms distinct from the mechanism of weak acids and weak bases) are repellents under, and only under, conditions in which they induce a lowering of the intracellular pH. Thus, the evidence indicates that changes in the intracellular pH actually mediate these behavioral responses. VOL. 145, 1981 on April 29, 2016 by guest http://jb.asm.org/ It must be emphasized that not all attractant and repellent responses are mediated by the change in intracellular pH. The fact that the MCP I pathway is required for a normal response to intracellular pH changes and the fact that the responses to many compounds (e.g., Laspartate, Ni2 , and D-galactose) remain unaltered in tsr (MCP I-) mutants (14, 25) strongly support this conclusion. Thus, it seems unlikely that changes in intracellular pH directly affect a tumble regulator or the structure or energetics of the flagella. Rather, we suggest that changes in intracellular pH affect an intracellular pH receptor whose sensory information flows through the MCP I pathway. It is possible that a cytoplasmic site on the MCP I protein itself is the pH receptor. However, we do not believe that all attractants and repellents of the MCP I pathway are sensed via a change in intracellular pH, as serine, an MCP I pathway attractant, appears to bind to the MCP I protein (9) . The flow dialysis experiments show changes in intracellular pH ( and membrane potential and pH gradient) which last longer than the behavioral responses, so adaptation to changes in internal pH probably occur, just as adaptations to other attractants and repellents are known to occur (20) . The long duration of the behavioral response to nigericin remains an unexplained exception.
The reversed behavioral responses in tsr, cheB, and cheE mutants are intiguing in that the lack of certain functional proteins leads to a response reversal rather than simply a lack of response. Their functions may be altered so as to send the wrong signal. It is more likely, especially in light of the fact that there are three different genes in which mutations produce these altered responses, that changes in the internal pH of the cells trigger two antagonistic responses by affecting two different parts of the chemotaxis machinery. In the normal system one response overrides the other, but in these mutants the latent response is unmasked. Certainly, the similarity of the behavioral phenotypes of tsr, cheB, and cheE mutants (high unstimulated tumbling frequency and reversed response to change in internal pH) suggests some interaction in the functions of their gene products. That strains with mutations in one of the two other genes leading to a tumbly phenotype, cheC (13) (39) , who found that a mixture of repellents (including acetate) increased the J. BACTERIOL. membrane potential of E. coli. That change is in agreement with Fig. 1 and is probably a response to an acetate-induced decrease in pH gradient rather than the direct result of a chemotactic response to the repellents.
Tso and Adler (44) found that fatty acids form a class of compounds which appear to be detected via a fatty acid receptor. The fact that one fatty acid could inhibit the response to a second fatty acid suggested that the two compete for a common receptor binding site. An alternative explanation of these data, consistent with results presented in this paper, is that not the fatty acids themselves but rather the protons released inside the cell compete for a common proton binding site. Thus, there is competition, but not at a fatty acid receptor. Tso and Adler found that fatty acids, benzoate, and salicylate appear to be detected by separate receptors. This would not be predicted if they are all detected by virtue of being weak acids. The separation into distinct classes was based on competition experiments and the study of mutants. The presence of a constant concentration of acetate did not block the response to a gradient of benzoate or salicylate, and a mutant (strain AW610) was isolated which was not repelled by salicylate but was repelled by benzoate and fatty acids. In those studies, however, benozate did block the response to a gradient of fatty acids. Presumably, benzoate is more potent at altering the internal pH than are the fatty acids, and thus there is still some response to 20 mM benzoate or salicylate in the presence of 150 mM acetate. In our hands, strain AW610 is rendered nonmotile by low concentrations of salicylate (unpublished data) and therefore cannot swim away from the salicylate. Therefore, it only appears to be salicylate blind, as in an agar plate it cannot swim away from a plug of agar containing salicylate. Finally, salicylate was reported to be a weak repellent for the tsr mutant AW518, whereas benzoate and fatty acids are not (44) . In our hands, as reported above, a temporal assay using salicylate gives an attractant response in strain AW518. Another potentially interesting difference between these studies and ours is that Tso and Adler found OH-to be a repellent when a repellent-in-pond spatial assay was used, whereas our studies showed it to be an attractant in a temporal assay. ( [3] ). However, most of these studies have failed to consider the interrelationship of membrane potential and pH gradient, and none of them has considered an important role for intemal pH. Thus, effects ascribed to sensing of membrane potential could, for example, result from an altered pH gradient. It is also certainly possible that in B. subtilis the intemal pH is sensed in addition to, or instead of, the membrane potential or pH gradient. The control of cell functions by alterations of intracellular pH appears not to be restricted to procaryotes. For example, the initiation of development after fertlization of sea urchin eggs has been shown to be triggered by an increase in the intracellular pH (11) . The ionic permneability of the gap junctions between cells of early amphibian embryos decreases with decreasing intracellular pH (45) . Finally, there is speculation that a decrease in the intracellular pH in rod outer segments could mediate the response to light via alterations in protonization of sodium and potassium channels (30) . Possibly, the studies of the cause and effect of intracellular pH changes in these eucaryotic systems and the bacterial systems will shed light on mechanisms common to all.
